Subjects made smooth pursuit eye movements with a target moving horizontally at 15 deg/sec. At a specified location the target either: (1) suddenly vanished; or (2) jumped to the fovea with target retinal velocity and feedback becoming 0 (target stabilized at the fovea). In each type of trial, the subjects either: 'qooked" at the target, '`pushed" the target, or "passively" gazed. When the target vanished, eye velocity decreased exponentially with a short time-constant (~ ~ 0.10 sec), regardless of whether the subjects were "looking," '`pushing" or '`passively" gazing. However, some subjects while '`pushing" (using an imaginary target) did generate low velocity smooth movement (1-2.5 deg/sec) late in the offset. When the target was stabilized at the fovea, eye velocity also decreased, but with a relatively long time-constant (~ --0.4--0.8 sec). The time-constant was the same with both "looking," and "pushing", but was shorter for some subjects with '`passive" gazing (~ = 0.1-0.5 sec). These findings show that smooth pursuit offset is influenced by the presence of a target, but is relatively independent of attentional mode. All of the pursuit offset responses can be simulated using a model of the pursuit system with target velocity and position inputs, and an internal positive feedback loop enabled by target presence. © 1997 Elsevier Science Ltd
INTRODUCTION
A considerable amount of research effort has been invested in studying transient responses of the smooth pursuit system. The reason for this is that transient responses are assumed to reflect important internal dynamic characteristics of the pursuit system. (Transient behavior of any sort of control system is taken to reflect internal dynamics.) Much of this effort has been devoted to the onset of smooth pursuit (Behrens et al., 1985; Lisberger & Westbrook, 1985; Rashbass, 1961; Robinson et al., 1986; Tychsen & Lisberger, 1986; Wyatt & Pola, 1987) . One important finding is that smooth pursuit velocity, in response to sudden onset of ramp target motion, increases rapidly and overshoots target velocity or oscillates before reaching a final steady state value. This feature of smooth pursuit has provided researchers with a basis on which to develop a variety of models of the smooth pursuit system (Behrens et al., 1985; Robinson et al., 1986; Wyatt & Pola, 1987) and thus provides insight into the overall information processing characteristics of the system.
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Besides studies concerned with the onset of smooth pursuit, a few researchers have investigated what happens to ongoing smooth pursuit when "retinal error" stimuli (e.g., target velocity relative to the retina and target position error relative to the fovea) are suddenly removed. In one type of experiment, subjects visually pursue a moving target which at some unspecified moment suddenly vanishes. Perhaps the earliest study of this sort with humans was conducted by Mitrani & Dimitrov (1978) . They asked subjects to follow a horizontally moving target (9.2 or 11.4 deg/sec) that at some variable time after onset of motion (0.2-2.8 sec) suddenly disappeared. The result of the sudden disappearance, regardless of the duration of target motion, was a rapid decrease in smooth eye velocity. Becker & Fuchs (1985) investigated human smooth pursuit behavior when a moving target disappeared for a brief interval and then reappeared. The target moved horizontally (5, 10 or 20 deg/sec) and on 40% of the trials the target disappeared for 20-50% of trial duration. The subjects were to attempt to continue eye movement during the interval. Becker and Fuchs found that eye velocity rapidly decreased following target disappearance. However, instead of finally stopping, the eyes continued moving at a velocity almost two-thirds that of pursuit with the target.
A second way of eliminating retinal error stimuli 2579 during smooth pursuit is to suddenly stabilize the target at the fovea (i.e., jump the target to the fovea with retinal target velocity simultaneously set to zero). In an experiment of this sort Morris & Lisherger (1987) had monkeys pursue normal, closed loop horizontal target motion (15 deg/sec) for a short period (670 msec), after which the target jumped to the fovea and was stabilized there. After the jump, they found that eye velocity either continued at about 15 deg/sec or tended to decrease slowly, and suggested that such "velocity memory" of smooth pursuit comes from the action of a positive feedback loop within the pursuit system.
Instead of eliminating retinal error, another method of interrupting the usual pursuit stimulus is to simply stop the target motion. Robinson and colleagues (Luebke & Robinson, 1988; Robinson etal., 1986) showed that when the pursuit target jumped ahead of the eye and suddenly stopped, smooth pursuit slowed down exponentially. The duration of this slowing was similar to that originally found by Mitrani & Dimitrov (1978) .
Smooth pursuit following target disappearance or target stabilization at the fovea might be regarded as "open-loop" pursuit, insofar as both procedures eliminate target feedback relative to the retina. (The third procedure described, with the target stopping, is a closed-loop situation, since eye movement can affect target velocity and position relative to the retina.) Open-loop procedures, according to classic systems theory, allow one to view the internal dynamics of the smooth pursuit system unrestrained by the effects of negative feedback. On the basis of a simple model of the smooth pursuit system, pursuit offset in the "open-loop" conditions should not depend on the absence or presence of a target. However, this does not appear to be the case: rapid decrease of pursuit velocity occurs after target disappearance (Mitrani & Dimitrov, 1978) , whereas continuation or slow decrease of pursuit velocity occurs in the presence of a stabilized target (Morris & Lisberger, 1987) . The reason for such different responses remains unclear. It may be that the smooth pursuit system functions differently without vs with a target. Alternatively, the different responses might depend on different modes of attending. Previous research on smooth eye movements using a variety of experimental paradigms (Cheng & Outerbridge, 1975; Dichgans & Jung, 1969; Hood & Leech, 1974; Pola & Wyatt, 1985; Pola et al., 1992; Wyatt & Pola, 1987) has shown that active looking typically results in stronger smooth eye movements than passive gazing. The target's absence or presence and modes of attending could exert their respective influences either in early visual processing or later on in the dynamic mechanisms generating smooth movement.
In the present study we examined the response of the human smooth pursuit system in the two "open-loop" conditions: target suddenly vanishing or becoming stabilized at the fovea. To assess the possible influence of attention and effort, we asked subjects either to look at and follow the target motion, to attempt to push the target, or to regard the target passively. Based on the results, we have developed a model of the smooth pursuit system which is able to account for responses under the two conditions. The findings of this study have been reported in preliminary form .
METHODS

Experimental set-up
Subjects sat in a dark room and observed the pursuit stimulus with the left eye, using a bite bar to immobilize their heads. The stimulus was a small round target (0.33 deg diam) projected on a screen, consisting of a vertical half-cylinder (radius 152 cm) with the subjects seated at the center. Target position was controlled by a servomotor/mirror combination (General Scanning) driven by computer. During most experimental trials, the subjects observed the target in the normal "closedloop" condition. However, in the latter part of one type of trial (see below) the target was stabilized at the fovea (an "open-loop" condition) . For this stabilization, a signal of horizontal eye position was fed to the computer driving the servomotor/mirror system. This signal had small amounts of noise and drift (see below). Perfect stabilization would not actually be desirable, since target disappearance (due to fading) would interfere with the general purpose of the experiment. The servomotor/ mirror system had a flat gain and little phase lag at frequencies involved in eye movements (the system bandwidth was about 100 Hz). Thus, when driven by an eye movement signal, the change in mirror position would be expected to replicate the eye movement, including a saccade, almost exactly. We verified this in an earlier study (Pola & Wyatt, 1985) , using an analog model of a similar system. The model showed that retinal slip of the stimulus during a saccade was around system noise level.
Horizontal position of the left eye was recorded with an infrared scleral reflection system (EyeTrac model 200, Narco Bio-Systems, Inc.) modified to reduce noise. (The power supply was moved away from system circuitry and signal transformers and circuit boards were magnetically shielded. System modifications also permitted electronic adjustment of the left/right balance of the infrared sensors.) High-gain records showed microsaccades and drifts, and the level of high-frequency noise was quite low (<2-3 rain arc). When carefully adjusted, the system was linear over the range of experimental eye movements (see below). The eye position signal was filtered (singlestage passive filter, comer at 125 Hz), and sampled at 4 msec intervals (250/sec). From a 625-sample dataset covering 2.5 sec (the total pretrial and trial duration), a 500-sample dataset was extracted for convenient storage on disk. Samples were extracted by linear interpolation between neighboring data points. This procedure provided an effective sample interval of 5 msec and introduced slight additional filtering.
Experimental protocol
Prior to the start of of an experimental trial, subjects • 15 deg E 0.5 sec FIGURE 1. Target position (T), eye position (E) and eye velocity (I~.) during a single trial for S 1 in each of the three experimental conditions. The vertical dotted line indicates when the target disappeared in the target-vanish condition and when the target jumped to the fovea and was stabilized there in the target-fovea condition. In each of the three trials shown, both smooth pursuit and saccadic eye movements can be seen. In the target-ramp condition smooth eye velocity remained close to about 15 deg/sec throughout the trial. In contrast, in the targetvanish condition smooth eye velocity decreased rapidly shortly after the target disappeared and in the target-fovea condition eye velocity decreased relatively slowly after the target jumped to the fovea. Note, in the target-vanish and target-fovea conditions, that no saccades occurred during the final decrease in eye velocity.
observed the target located at the center of the screen ("0 deg") for about 3 sec. Following this, the target jumped 15 deg to the right or left and remained in the new position for 0.5 sec (giving the subject time to refixate the target), after which the trial began. There were three types of trials: target-ramp, targetvanish and target-fovea (Fig. 1) . Every trial began with the target moving back toward the center (0 deg) at a constant velocity of 15 deg/sec. In target-ramp trials, which served as a control condition, the target crossed the 0 deg position (1 see trial onset) without any change in behavior. In target-vanish trials, the target vanished as it crossed ~ the 0deg position. ,In target-fovea trials, the target, as it crossed the0 deg position, jumped to the fovea and became stabilized.
To explore the manner in which the smooth pursuit response in each type of trial was influenced by subject attention, we used three different types of instructions in the experiment:
"Look" instructions: subjects were asked to look attentively at the target and follow its motion without making any unusual effort. When the target vanished in the target-vanish trials, the subjects were to continue looking ahead attentively without attempting to influence ongoing eye movement.
"Push" instructions: subjects were asked to make an effort to visually push the moving target with the intention of increasing the target's velocity. When the target vanished in the target-vanish trials, the subjects were to visually imagine a target and to attempt to push it at the velocity of the actual target.
"Passive" instructions: at the beginning of the trial subjects were to follow the target motion according to "look" instructions (see above). However, 250 msec before the target crossed the 0 deg position, target luminance increased, which signalled the subjects to stop looking and instead to gaze passively, i.e., to avoid any deliberate attempt to attend to or follow the moving target. We have used both look and passive instructions in previous studies (Pola & Wyatt, 1980; Pola et al., 1992 Pola et al., , 1995 Wyatt & Pola, 1979 , 1984 .
In a given experimental session the subjects pursued the target according to one of the above three instructions, with two sessions for each instruction. There were about 90 trials in a session. These consisted of a random ordering of the three different trial types with a probability of 0.30 that a target-ramp trial would occur and a probability of 0.35 that a target-fovea or targetvanish trial would occur.
The eye position signal was calibrated at the beginning of each session and every three to five trials thereafter: subjects sequentially fixated five horizontally spaced targets (15 deg L, 7.5 deg L, 0 deg, 7.5 deg R, 15 deg R). The set of eye position signals was stored and a piecewise linear fit was used to generate the signal driving the target during stabilization (see below).
Limits placed on stabilization by system drift and nonlinearities
We felt it was necessary to evaluate the quality of the stabilization during these experiments. There are several ways in which imprecisions in stabilization could arise--essentially one is evaluating the stability of the relation-ship between gaze direction and signal of eye position, and one reasonable framework for this is to assess (a) linearity of the gaze direction/voltage relationship; (b) constancy of the slope of the relationship; and (c) the "additive constant," or positioning of the curve.
To evaluate calibration stability, two subjects were run in special sessions with calibrations preceding every trial. In these sessions, after the initial set-up, the EyeTrak underwent no further adjustment. In addition, two subjects ran in another type of session, in which pairs of determinations of the straight-ahead calibration were made with a 1.5-2 sec pause between the two measures.
Linearity of the gaze direction~voltage relationship.
The correlation coefficients for this relationship were routinely around 0.999 and higher; if the only concern was that the data records accurately reflect eye position and velocity, that would be adequate. However, during stabilization trials, the details of the relationship are critical, so we looked at other aspects. For each subject, we assessed the square root of the mean square deviation (SRMSD) of the calibrations from the linear regressions: the subject average ( _ 1 SD) across the entire 30 deg, 5-point calibration domain was 0.35 + 0.14 deg. Since the gaze direction/voltage is slightly S-shaped, flattening near the ends, the central part of the domain is more linear than the entire domain; the subject average SRMSD for the central 15 deg, 3-point calibration domain was 0.15 _ 0.05 deg. Most of the behavior described here occurred in the central 15 deg. While using a linear relationship would therefore be quite effective, there seemed to be no point in forcing the assumption of complete linearity, and we instead used a 4-segment piecewise linear fit to the calibration data. (Unlike the linear fit, a piecewise fit leaves zero error at the calibration points.) This makes slight improvements in the central 15 deg domain, and captures the slight flattening in the outer portions of the 30 deg domain. In pilot studies, we used a polynomial fit to the curve, and constructed a look-up table to use during the stabilized portion of the trials; however, we could find no difference between results with that approach and the piecewiselinear fit, and we have employed the latter.
Constancy of the slope of the gaze direction~voltage relationship. The constancy of the slope over durations of one to a few trials is a matter of concern, i.e., how much does the slope of the actual relationship drift during the one-to-several trials following a calibration? This was best assessed from the special calibration sessions mentioned above. The absolute magnitude of the change of slope from one trial to the next was found to be 0.44_ 0.34 analog units/deg for one subject and 0.42_ 0.41 analog units/deg for another. The mean values of the slope for these subjects were -33.96 and -30.65 analog units/deg, so the changes of slope were in the order of 1.3%. If this were the only source of error, it would create an error less than 0.1 deg for gaze angles of ___7.5 deg. For stabilized experiments, this may be viewed as an error in the value of visual feedback provided to the subject; instead of 0 feedback (perfect stabilization), the actual value would fall within ___ 0.013 of 0.
Variation of the additive constant. The drift of the "additive constant" was the largest variation encountered. For all subjects, the absolute magnitude of the change of the straight-ahead eye position signal on sequential trials was found to be 0.40_ 0.34 deg, occurring over the approx. 30 sec between trials. (This was determined from the signal during fixation prior to trial onset, for those trials on which adjustments to the EyeTrak had not been made following the preceding trial.) An error in the additive constant used during stabilization would result in an equivalent offset of the target to one side or the other of the fovea. For the subjects tested with repeat determinations of the straight-ahead position separated by 1.5-2.0 sec, the average value of the absolute magnitude of change within a pair was 0.14-0.25 deg.
Trial protocol and system drift and nonlinearity. As described above, a piecewise-linear fit to the calibrations was used to capture details of the gaze direction/voltage curve. The shape of the curve was very stable (see above), and did not present a problem for use over several trials. The main compensation we made for drift of the additive constant (besides calibration as described above) was the use of an eye position signal, obtained immediately prior to each trial during straight-ahead fixation, to adjust the value of the additive constant. The interval between this sampling and the critical open-loop portion of the trial was 1.5-2.0 sec, so, based on variation of the straight-ahead calibration over an equal period, the stabilization should be accurate to about 0.14--0.25 deg.
The above analysis provided estimates of errors in calibration which could, in principle, affect target stabilization. In the Results section, the sensitivity to such errors is assessed.
Data analysis
All data processing and analysis were performed using an interactive computer program (see Wyatt et al., 1994) .
The eye position record for each trial was differentiated (the difference between successive samples was used) and the resulting velocity record digitally smoothed using a 5-bin Fourier-Lanczos filter with a corner at 20 Hz (Hamming, 1977) . In combination with the 125 Hz analog filter and the filtering during data extraction (see above), this produced some distortion of higher-frequency components of eye movements. However, it was found earlier ) that these effects are insignificant in the portion of the power spectrum below about 10 Hz, which is the range contributing significantly to smooth eye movements (Bahill & McDonald, 1983) . Saccades were detected and deleted and replaced by straight-line segments. We routinely use "jerk" to detect saccades; the third derivative of eye position is a good indicator of saccade initiation, even for small saccades in the presence of large smooth movements when velocity and acceleration are not reliable.
Mean smooth eye velocity response was determined for each subject in each condition. In the target-vanish and target-fovea conditions a nonlinear regression procedure (Marquardt-Levenberg algorithm) was used to fit an equation to each mean velocity response from 0.75 sec after trial onset to 1.87 sec after trial onset (just before the end of the trial). The equation consisted of two intersecting functions: a straight line of zero slope fitted to eye velocity starting at 0.75 sec, and a decreasing exponential fitted to eye velocity occurring in response to the target vanishing or jumping. The primary purpose of this fit was to roughly characterize the velocity responses for comparative purposes, and should not to be taken to imply that the responses were necessarily exponential (although in many cases the responses do appear to be so). Response latencies were determined from simple inspection of the velocity record, and as a consequence involved some degree of subjective evaluation.
Subjects
Three naive female subjects participated in these experiments (emmetropic to 3.5D myopic). When necessary, an appropriate correcting lens was used in front of the subject's viewing eye. Pilot data, collected with the authors as subjects, were found to be virtually the same as data obtained from the naive subjects.
RESULTS
Pursuit responses with "look" instructions
Eye movement during a single trial for one subject (S 1) in each of the three experimental conditions is shown in Fig. 1 . Average eye velocities for S 1 are shown in Fig. 2 (including _ 1 SD), and averages for all three subjects beginning 1 sec after the onset of ramp target motion are shown in Fig. 3 (with 1 SD given 1.25 sec after the start of the trial). For these results the subjects had been instructed to look at the moving target. The onset of smooth pursuit in all of the conditions often involved velocity overshoot and oscillation that quickly decreased in amplitude (Figs 1 and 2 ). In the target-ramp condition, overshoot was followed by smooth eye movement at a velocity somewhat less than that of the target, with occasional saccades (Fig. 1 ). In the target-vanish condition, however, shortly after the target vanished, eye velocity rapidly decreased to zero in roughly an exponential manner. There were essentially no saccades during this offset response and the small SDs (Figs 2 and 3) indicate that the offset responses were similar over trials. In the target-fovea condition, target jump to the fovea (and stabilization) was followed by eye velocity decreasing toward zero, but the decrease was much slower than in the target-vanish condition. Consistent with these results, time-constants of exponential curves fit to the responses (see Methods) were about 0.1 sec in the target-vanish condition but ranged from 0.4 to 0.8 sec in the target-fovea condition (see Fig. 8 ). It should be noted that although we fitted exponentials to the targetfovea results, the initial response, especially in the case of subject S1 (leftward) and $3 (rightward and leftward), consisted of a rather sudden drop in velocity. Further consideration of this is given below (in both the Results and the Discussion). Averaged across subjects and rightward and leftward trials, the response latency in the target-vanish condition (from the time the target disappeared until the onset of deceleration) was 124 ___ 14 msec (mean ___ 1 SD), and the response latency in the target-fovea condition (from the moment the target jumped to the fovea until the onset of deceleration), was 143 __+ 10 msec (see Table 1 TIME (sec) FIGURE 3. Smooth eye velocity in the three experimental conditions (target-ramp, target-vanish and target-fovea) when the subjects (S1, $2 and $3) viewed the target according to the look instructions. Both rightward and leftward responses are shown from 1 sec after the start of the trial (the time at which the target disappeared in the target-vanish condition and jumped to the fovea in the target-fovea condition) until 0.125 sec before the end of the trial. The vertical straight lines show SDs at 1.25 sec (or slightly later) after the beginning of the trial. In the target-fovea condition only trials in which there were no saccades were used. The number (percentage) of trials used for each subject were: SI: 34 (63%); $2:46 (72%); $3:31 (48%). Each subject showed a rapid decrease in velocity in the target-vanish condition and relatively slow decrease in the target-fovea condition.
individual subject latencies). These tatencies are similar to smooth pursuit onset latency found in previous studies (Behrens et al., 1985; Rashbass, 1961; Robinson, 1965; Wyatt & Pola, 1987) . In the target-vanish condition subjects followed the moving target in a normal manner during the first half of each trial. When the target vanished the subjects attempted to attend to the plane of the target but did not make any effort to move their eyes or to inhibit eye movements that might occur. In the target-fovea condition, all of the subjects, being naive, did not know that halfway through the trial the target jumped to the fovea and was stabilized there. When questioned about what they thought occurred, they said that it appeared as if the velocity of the target was decreasing and nothing more.
Trials used to obtain average responses in the targetfovea condition had smooth offset without saccades or blinks (the number and percentage of trials used for each subject are given in Fig. 3) . Smooth offset is a good indicator that the target was accurately stabilized at the fovea: saccades would occur in the direction of target position error, and blinks would cause the target to jump off the fovea. In trials where the offset response involved saccades, saccades in the same direction as the smooth movement indicated that the target was significantly ahead of the fovea, while saccades opposite to the smooth movement indicated that the target was behind the fovea.
Pursuit responses with "push" instructions
Figure 4 presents average smooth pursuit velocity, from the beginning to the end of the trial, in the targetramp condition with push and look instructions. These responses suggest that "pushing" sometimes had an effect on the onset of smooth pursuit. Generally speaking, S 1 and $3 showed larger peak overshoot velocity when they pushed the target than when they looked at it, especially for rightward eye movement; $2, on the other hand, showed no difference in overshoot for rightward or leftward movement. Specifically, Sl's overshoot (at the points where SDs are shown) was significantly larger with push than with look instructions for rightward movement, t(21)= 2.96, P < 0.01, but not for leftward movement, t(19)= 0.18, P > 0.50. S3's overshoot was significantly larger with push instructions for both rightward and leftward movements, t(16) = 4.08, P < 0.001 and t(14) = 5.44, P < 0.001, respectively.* The influence of the push instructions in the target-ramp condition seems to be limited to the onset of pursuit: during the latter part of the trial (from about 1 sec on), there appears to be no difference between the look and push responses. Figure 5 shows average offset velocity, beginning 1 sec after the trial onset (with SDs at 1.60 sec), in the target-vanish condition with push (dashed traces) and look (solid traces) instructions. Pushing the imaginary target (see Methods) initially had little influence on smooth eye movement: mean response latency (119_ 16msec; also see Table 1 ) and initial rapid decrease in eye velocity (with relatively short timeconstants) were about the same as when looking (see above and Fig. 8 ). After this initial decrease, however, eye velocity did not reach zero but instead bottomed out at a low value and continued at that value to the end of the trial. Thus, S l's velocity continued at about 2.5 deg/sec for rightward trials and at about 1 deg/sec for leftward trials; S2's velocity continued at about 1 deg/sec for *Statistical evaluation of an individual subject's data is considered appropriate as long as one does not attempt to make generalizations from that subject's results to any other subject or population of subjects (McNemar, 1969) . Nevertheless, we wondered whether the differences between push and look were the result of variability that might somehow occur between stimulus conditions for a particular subject, regardless of instruction. A test of this, albeit cursory, would be a comparison of Sl's responses in Fig. 2 , where the subject used look instructions in each of three different stimulus conditions. We performed an analysis of variance (repeated measures) on Sl's peak velocities in the three conditions and found no effect of the stimulus, F(2, 26) = 0.50, P > 0.50. It should be noted that the degrees of freedom here and in the text reflect the maximum number of paired trials that were available for each statistic, this being less than the total number of trials in some of the conditions. However, visual inspection suggests that variability is the same for paired trials and the total number of trials.
rightward trials although little or no response occurred for leftward trials; S3's velocity continued at about 2.5 deg/sec for both rightward and leftward trials. None of the subjects in this study reported any difficulty in attempting to push an imaginary target. It should be noted that in the push condition, an increase in overshoot during pursuit onset (Fig. 4) was associated with pursuit continuation after the target vanished (Fig. 5) : S1 showed an overshoot increase and pursuit continuation for rightward trials but no overshoot increase and weak continuation for leftward trials; $2 showed little or no overshoot increase and essentially no continuation for either rightward or leftward trials; $3 showed a clear overshoot increase along with relatively strong pursuit continuation for both rightward and leftward trials. Figure 6 shows average smooth eye velocity in the target-fovea condition with the push and look instructions. SDs are given 1.25 sec after the onset of the trial or slightly later, for clarity of presentation. The velocity traces show that when pushing in the target-fovea condition, the subjects were not able to noticeably affect the offset of pursuit. Mean response latency with push instructions (138 _ 8 msec; see Table 1 ) was about the same as with the look instructions (see above), and the decrease in eye velocity when pushing was similar to that when looking. Time-constants fitted to the push responses ranged from 0.3 to 0.7 sec, comparable with the range for the look responses (see Fig. 8 ). Thus, the mechanism responsible for the long duration offset movement in the presence of a target appears to be immune to attentional factors.
Pursuit responses with "passive" instructions
With the look and push instructions the subjects attempted to view the target in a consistent manner throughout the trial. In contrast, with passive instructions (Fig. 7) the subjects attempted to be passive only after target brightness increased, 250 msec before the target crossed the 0 deg position. Passive viewing in the targetramp, target-vanish and target-fovea conditions led to unusually short offset latencies: -36_ 66 msec (the minus sign indicating that the eye began slowing down before it crossed the 0 deg position), 45 +__ 17msec and 59 +__ 36 msec, respectively (see Table 1 ). These short "latencies" without doubt are a result of the subjects initiating their passive movement in response to the increase in target brightness.i-Nevertheless, in both the tThe negative latency (-36 msec) is for onset of passive movement in the target-ramp condition. Similar negative latencies (not shown) also occurred for passive movement in the target-vanish and -fovea conditions. These negative latencies show that the passive response began about 200 msec after the increase in target brightness, which seems reasonable. However, following the start of passive movement in the target-vanish and -fovea conditions, the feedback loop "opened" (the target disappeared or jumped) as the target crossed the 0-deg position. This initiated smooth pursuit offset with remarkably short positive latencies (45 and 59 msec). Such latencies suggest that pursuit offset might have been primed in some manner by the occurrence of the initial passive response. target-vanish and target-fovea conditions, passive viewing had little effect (relative to looking) on the actual offset eye movements: in the target-vanish condition the offset movement was rapid (with time-constants of about 0.1 sec), and in the target-fovea condition the offset was, with the exception of one subject, relatively slow (timeconstants ranging from about 0.1 to 0.5 sec).
An overview of the average responses
The parameters of the straight lines, fitted to smooth eye velocity just before pursuit offset, are presented in Table 2 . According to these, pursuit gain in the look and push conditions ranged from about 0.7 to 0.9, similar to what has been found in previous studies (Meyer et al., 1985; Robinson, 1965; Robinson et al., 1986; Wyatt & Pola, 1983) . Time-constants of exponentials fitted to pursuit offset responses are shown in Fig. 8 . The timeconstants were longer in the target-fovea condition, regardless of instruction, than in the target-vanish condition. The time-constants were virtually the same with look and push instructions in the target-fovea condition, and decreased somewhat with passive instructions. In the target-vanish condition, the time-constants remained short as instruction varied.
Effects of stimulus transients on oculomotor responses
A number of studies have suggested that target jump can have an influence on smooth eye movement (Behrens et al., 1985; Carl & Gellman, 1987) . In the present study, mean _+ 1 SD target jump in the target-fovea condition (look instructions), including both right and left trials, was: S1, -0.47 _ 0.48; $2, -0.75 + 0.58; and $3, -0.57 __+ 0.53. The minus sign indicates that the eye was typically lagging behind the target when the jump occurred. To examine the potential effect of the jump on pursuit offset, we divided each subject's responses into two groups: those with jump less than 0.4 deg and those with jump larger than 0.5 deg. Figure 9 (A) shows S3's average responses for the two groups, which is similar to what was found for the other two subjects• These responses suggest that pursuit offset in the targetfovea condition might be viewed as consisting of two 
TIME (sec) t-vanish (look)
t-vanish (push) FIGURE 5. Smooth velocity in the target-vanish condition with push and look instructions. Both S1 and $3 showed pursuit continuation when pushing the target, whereas $2 showed little or no continuation. SDs are shown at 1.60 see after the beginning of the trial.
components: an initial rapid decrease in eye velocity (enclosed by the vertical dashed lines) and a subsequent slow decrease. The initial decrease in velocity appears to be less with small than with large target jumps. However, size of target jump had no apparent influence on the subsequent slow decrease in velocity. This is also suggested in trials where the eye pursued the target with no error and thus no target jump occurred. In one such trial for $3 [ Fig. 9(B) ], for example, the slow decrease was essentially the same as that of the average responses [ Fig. 9(A) ].
Effects of errors in stabilization on oculomotor responses
In the Methods section, we showed that there was a strong linear relationship (correlation coefficient of about 0.999) between gaze direction and eye position signal, and that the change in slope of this relationship over several trials was approx. 1.3%. In the target-fovea condition, this change in slope would change feedback from 0 to ___0.013. As a result, target stabilization would be compromised with target "retinal slip" and cumulative target position error (relative to the fovea) of about + 0.1 deg with a gaze angle of +_ 7.5 deg. We simulated changes in feedback by running a control experiment in which feedback varied randomly from trial to trial: either 0 (stabilization), _ 0.025 or ± 0.05. The results showed, at most, small differences between pursuit offset with 0 feedback and offset with the positive or negative feedback values [ Fig. 9(C) ]. This suggests that in the targetfovea condition, pursuit offset is relatively insensitive to variations in gain changes that might have occurred with our apparatus.
Drift of the "additive constant" of the eye position signal (see Methods) could compromise stabilization by introducing an error between target position and fovea. We attempted to minimize the influence of such drift by adjusting the array of calibration values just prior to the start of each trial (see Methods). However, to examine potential effects of this drift we ran trials in which the target, as it crossed the 0 deg position, jumped ahead of or behind the fovea (_4-0.125 or ___0.25 deg) and became stabilized. With these target position errors, subjects t-fovea (push) TIME (sec) FIGURE 6. Responses in the target-fovea condition with push and look instructions. The decrease in eye velocity was essentially the same with the two instructions showing that pushing had no effect on pursuit offset with a target stabilized at the fovea. SDs are given at 1.25 sec (or slightly later) after the onset of the trial.
often made small amplitude saccades along with a decrease in smooth eye velocity. The saccades were either forward (i.e., in the direction of pursuit) or backward, depending on whether the stabilized target was ahead of or behind the fovea. However, regardless of the direction of the error, the decrease in smooth velocity [ Fig. 9(D) ] was, at most, only slightly different from the case when the target was stabilized at the fovea. This implies that in the target-fovea condition, pursuit offset is relatively insensitive to target position errors comparable with those that might be caused by our apparatus. Besides the above, other possible sources of unwanted variablity in eye position signal are variation in vertical eye position and changes in head position relative to the mouthbite. In previous work we found that the amount of vertical eye position error that occurred when a subject tracked horizontal target motion was typically less than 1 deg . A vertical error of 1 deg caused only a 0.1 deg shift in horizontal eye position signal. Thus, vertical error of as much as 1 deg would not have had any important influence on the results in the present study. We also found that head movement on the mouthbite (ar~ unlikely event given that subjects consciously attempted to remain stationary after calibration) caused no more than a 0.2 deg shift in the eye position signal. If the subject made a special effort to force a change in head position, the shift in eye signal could increase to as much as 0.6 deg. The smaller eye signal shift would have had little effect on a trial (assuming no saccades occurred, so that the trial was accepted). In the unlikely event that the subject forced a large change in head position, the larger signal shift would have generated relatively large saccades, and the trial would have been rejected.
DISCUSSION
Responses with look instructions
Target-vanish condition. Offset duration in the targetvanish condition with look instructions (Fig. 2) was about 400-500 msec (with a time-constant of about 0.10-0.15 sec). This is similar to offset duration of 350-600 msec found by Mitrani & Dimitrov (1978) , and 228-329 msec found by Becker & Fuchs (1985 interpretation of this short offset is that it reflects the response of oculomotor plant visco-elastic mechanics, which can be characterized as a first-order lag with a time-constant of about 0.2 sec (Robinson, 1970 (Robinson, , 1971 ). However, at the level of eye movement motoneurons, Experiments for (A) and (B) were run more than 1 yr before those for (C) and (D), which probably accounts for the overall difference in velocity between the former and latter.
neural activity for smooth eye movement consists of two components, one to overcome plant viscous resistance and the other to overcome plant elastic resistance (Robinson, 1970) . In studies with monkeys these motoneurons, and also certain premotor neurons, show a decrease in firing rate that is mirrored by a decrease in eye velocity during the offset of smooth pursuit after target disappearance (Eckmiller & Mackeben, 1978 . Gaze-velocity Purkinje cells in the cerebellar flocculus also show, on average, a decrease in firing rate similar to offset pursuit velocity--in this case, with a target that suddenly becomes stationary in space (Krauzlis & Lisberger, 1994) . All of this suggests that the short offset in the target-vanish condition comes from internal properties of the pursuit system.
Target-fovea condition. The time-constant of the offset response in the target-fovea condition ranged from about 0.4 to 0.8 sec. This long offset suggests that the presence of the target had an influence on the characteristics of smooth pursuit dynamics. An alternative explanation is that the long offset comes from voluntary manipulation of pursuit allowed by the foveally stabilized target (Heywood, 1972; Heywood & Churcher, 1971; Mack & Bechant, 1969; Steinbach & Pearce, 1972) . A possible basis for this is that the edge of the target, eccentric to the fovea, provides a stimulus for pursuit (Kommerell & T~iumer, 1972; Pola & Wyatt, 1980 , 1989 . To minimize such edge effects, we used a small target (0.33 deg) and asked subjects to attend to the target's center. Still another explanation could be that pursuit dynamics were influenced by a subject's mode of attending in the presence of a target. This is unlikely, however, given that the response with the push and passive instructions did not have a noticeable influence on the offset response in the target-fovea condition (see Figs 6 and 7 and below).
Responses with push instructions
Target-vanish condition. Pushing an imaginary target in this condition had essentially no impact on latency to offset and initial offset response. However, instead of eye velocity going to zero, as with the look instructions, a slow smooth movement continued to the end of the trial. A similar pattern of eye movement was observed by Becker & Fuchs (1985) . Nevertheless, there is an important difference between the present findings and Becker and Fuchs' results: we found that mean pursuit continuation was never more than 20% of normal velocity, whereas Becker and Fuchs' continuation was often 60% of normal velocity. This difference may have come from subject expectation: in the present experiment the subjects did not expect the target to reappear, whereas in Becker and Fuchs' study the subjects did. Expectations are known to have a substantial influence on pursuit behavior (Kowler, 1989) , and could be responsible for the difference between the two studies. Our subjects were instructed to visually imagine that they were pushing a target in the dark and thus the signal seems likely to be visually related. Given the low value of the continuation velocity, the signal, whatever its source, was relatively weak. Recent research shows that the act of visual imagery involves activation of the visual areas of the cortex (Kosslyn, 1994) . This suggests that when subjects in the present experiment were imagining that they were pushing a moving target, they were activating visual areas that are active during normal smooth pursuit. This imaginal activation might have been less than normal, and a weak signal reaching the pursuit motor mechanisms could result in low velocity pursuit.
Target-fovea condition. The reaction time to offset and the time-constant of the offset response in the targetfovea condition were the same with look and push instructions. Thus, the offset dynamics of the pursuit system, with a target present, appear to be largely immune to subject attentional mode and effort. The decrease in velocity in the target-fovea condition was different than the pursuit response of monkeys with a foveally stabilized target, as reported by Morris & Lisberger (1987) . In their experiments a trial began with monkeys making pursuit eye movements in response to closed-loop ramp target motion of 15 deg/sec. At some point in the trial, the target jumped to the fovea and was stabilized there. Following stabilization, smooth pursuit velocity during individual trials either continued at close to 15 deg/sec or tended to slowly decrease. On average, however, smooth movement of the three monkeys used in the experiment tended to slow down, initially decelerating (over a 400 msec duration) at 9.3, 5.0 and 0.3 deg/ sec 2. Assuming an exponential decrease, these deceleration values suggest corresponding time-constants of about 1.4, 2.8 and 50 sec, which are substantially larger than the time-constants in the present study (Fig. 8) . The reasons for this difference is far from clear, but three (among many) possibilities are: (1) the monkeys were highly trained whereas our subjects were naive; (2) the monkeys' attentional mode and/or expectation was different than our subjects'; (3) there is a species difference between monkeys and humans (e.g., positive feedback gain may be higher in the monkey than in the human pursuit system, causing the longer offset response).* In line with point (3), monkey optokinesis typically has a longer offset response than does human optokinesis (Pola & Wyatt, 1993) .
Responses with passive instructions
In the target-ramp condition with passive instructions, eye velocity decreased whereas with both look and push *Another possibility is that there was a systematic error in the gain of our stabilization signal resulting in negative, instead of zero feedback, thus slowing down the eye. However, this seems unlikely for at least two reasons: first, we established, prior to each experimental session, that the eye movement signal, when calibrated, would place the target at the location of the subjects' point of fixation of each calibration target. Second, introduction of + 0.05 feedback resulted in what appear to be small corresponding deviations from offset velocity in the target fovea condition, especially toward the end of the trial [ Fig. 9(C) ]. That these really are deviations is suggested by similar deviations in the responses of two additional subjects (not shown). Deviations of this sort suggest an accumulation of a small target position offset dependent on calibration error (ahead of the fovea for +0.05 feedback and behind for -0.05 feedback), and thus that feedback was essentially zero in the target-fovea trials. It should be noted that Morris & Lisberger (1987) show large deviations in monkey eye velocity when a velocity error was added to a foveal target with 0 feedback (their Fig. 4 ). However, their target velocity error was constant at __+0.7 deg/sec whereas ours, due to feedback, decreased from about 4-0.5 to 0 deg/sec as the eye slowed down.
instructions' eye velocities were relatively steady (Fig.  7) . A reason for this difference is that when passive the subjects did not try to follow the target, whereas when looking or pushing they did try. In contrast to the responses in target-ramp condition, however, pursuit offset responses with passive instructions were remarkably similar to those with look or push instructions. This is consistent with the general finding that attention and effort have little influence on pursuit offset.
Smooth pursuit and perception of target motion
In the target-fovea condition, target presence (or something associated with it) was responsible for the increased duration of offset response. One possibility is that perceived motion of the stabilized target served as a stimulus for smooth pursuit, maintaining eye movement for a longer time than in the target-vanish condition. Such perception and its effect on eye movement may come from the action of internal positive feedback Wyatt & Pola, 1979; Yasui & Young, 1975) . According to a suggestion first put forth by Yasui and Young, the smooth pursuit control mechanism involves a positive feedback loop that is activated by the presence of retinal stimulation. Without retinal stimulation, the feedback loop is disabled and the smooth pursuit system has relatively low gain. However, with retinal stimulation, activation of the loop contributes to the perception of target motion and modifies the overall dynamics of smooth pursuit.
Effect of instructions in previous studies
The absence of attentional influence in this study contrasts with substantial effects of attention on smooth eye movements found in previous experiments. In a study using open-loop sinewave target motion (Pola & Wyatt, 1985) , smooth movement gain was greater when subjects looked than with they passively gazed, and the gain increased further when the subjects pushed the target (Pola & Wyatt, unpublished observations) . With closedloop ramp target motion (Wyatt & Pola, 1987) , onset oscillations and pursuit gain were greater with looking than with gazing. Attention (looking, gazing and pushing) also affected eye movements when subjects viewed a target stabilized at the fovea against sinusoidal motion of a background field (Pola et al., 1992; van den Berg & Collewijn, 1987; Wyatt & Pola, 1984 ). An important difference between the present and previous studies is that in the present study there were no retinal error signals (during pursuit offset), whereas in the previous studies there was retinal error from either target or field motion. Thus, attention may exert much of its influence on smooth movement by way of processing and transmitting retinal error signals, and attention without retinal error may be rendered impotent. Parameters for the push instructions were the same except that a = 1.1 and I* was set so that a velocity signal of 2.0 deg/sec would be generated in the target-vanish condition 100 msec after the target disappeared, i.e., after a delay of about one reaction time.
A model of the smooth pursuit system
input is target position (relative to retina) T, and the input mechanism consists of s, which responds to target velocity at the retina, and b, which responds to target position relative to the fovea. The velocity channel involves a nonlinearity, not shown, which filters out responses to target jumps. Internal dynamics of the system, specified by time-constants T1 and T2, is enclosed by a positive feedback loop with gain ft. An integrator at the output end of the system provides eye position (in space) E, and time delays in the system are represented by *In the actual experiment we retinally stabilized the target by adding the eye position signal to the target so that target velocity matched eye velocity. In the model, however, we represent stabilization by opening a switch in the negative feedback loop. Although this does not reflect the actual method of stabilization, it is functionally correct and shows the various conditions in a way that is simple and easy to appreciate. Figure 10 (B) shows the response (eye velocity) of the model in each experimental condition with look instructions (solid traces). In the target-ramp condition, both negative and positive feedback loops are functional (Sn and Sp are closed). As shown, the onset response consists of oscillation which dies away in about 1 sec, followed by steady velocity. The frequency of the response, about 2.5 Hz, is similar to that found in several experiments (Robinson et al., 1986; Wyatt & Pola, 1981 . In the target-vanish condition, both negative and positive feedback cease (Sn and Sp are opened) when the target vanishes. As a consequence, the dynamics of the system are determined only by T1 and T2, resulting in a short duration offset response (z ~ 0.10 sec) resembling that in Fig. 3 . In the target-fovea condition, negative feedback is eliminated (Sn is opened) when the target is foveally stabilized, but: the positive feedback loop remains functional (Sp remains closed). Thus, offset dynamics of the system are determined by T~,/'2, and the positive feedback loop. The combined effect of these is a relatively long duration offset response (z ~ 0.50 sec), similar to that in Fig. 3 .
The velocity channel does not respond to the target jump (see above). If it did, a "velocity spike" would pass through the system resulting in an initial rapid drop in eye velocity. Perhaps in the actual smooth pursuit system, such a velocity spike, filtered, is responsible for the initial rapid decrease in eye velocity in the target-fovea condition (Figs 3 and 9) .
Push responses. Attending to and pushing a moving target might increase the visual response to target velocity (i.e., the retinal error signal) within the pursuit system. In earlier work, we simulated an increase in the velocity response by increasing the gain of the velocity channel in a simple model of the pursuit system (Wyatt & Pola, 1987) . In the present model, increasing the gain of the velocity channel increases the amplitude of the onset oscillations without changing the steady-state response in the target-ramp condition, the early offset response in the target-vanish condition, or the entire offset response in the target-fovea condition. This corresponds to what was found .
Pursuit continuation in the target-vanish condition may have come from imaginal activation of cortical visual motion areas. In the model, weak signal # activates the velocity channel (assurning that imaginary activation is weak) 100 msec after the target vanishes. This results in a rapid exponential decrease in velocity followed by a lowvelocity eye movement, similar to what was actually observed (Fig. 5) .
Passive responses. Passive viewing might decrease the visual response to target velocity and/or position. Decreasing the gain of the velocity and/or position channels in the model, as the target crossed the 0 deg position in the target-vanish and target-fovea conditions, had no effect on the offset characteristics, consistent with our findings (Fig. 7) . Decreasing the gain in the targetramp condition did result in a decrease in eye velocity, as would be expected. We do not show these results.
Model implications. An important aspect of the model is that it generates appropriate offset responses with plausible parameters-----,ahe same values that generate other well known phenomena such as onset oscillation and steady state tracking gain of about 0.6-0.9. The present results in the target-fovea condition, together with the model, also add weight to the conjecture (Wyatt & Pola, 1979; Yasui & Young, 1975 ) that perception of target motion via the action of an internal positive feedback loop is used as part of the mechanism to drive smooth pursuit. Positive feedback has recently been used in models of the smooth pursuit system to account for the response characteristics of the onset of pursuit with ramp target motion (Robinson et al., 1986) , and the offset of smooth pursuit when the pursuit target suddenly becomes stationary (Huebner et al., 1992) . These models differ from the present one in that they utilize an internal negative feedback loop (nested within the positive feedback loop), together with high gain and delays to generate onset oscillations (Huebner et at., 1992; Robinson et at., 1986) , and an additional forward loop pathway parallel to the pursuit pathway to generate the offset response (Huebner et at., 1992) . These differences are not an issue here, since the present model is not attempting to account for the offset response with a stationary target or the detailed features of onset oscillations. A number of studies suggest that a positive feedback loop exists between brainstem nuclei and gazevelocity Purkinje cells in the cerebellar flocculus (Stone & Lisberger, 1990a,b) . This loop is presumed to add an eye velocity signal to retinal error signals coming to the flocculus from visual areas of the cortex. Recently it has been shown that the discharge of gaze-velocity cells may be directly involved in determining smooth pursuit offset with a stationary target (Krauzlis & Lisberger, 1994 ). Thus, it is possible that these cells and the feedback loop associated with them are also involved in pursuit offset in the target-vanish and target-fovea conditions. It is also possible that eye movement contingent signals in middle superior temporal (MST) cortex reflect activity of a cortically mediated positive feedback loop (Newsome et at., 1988) . Either the brainstem loop or area MST (or both) might involve a neural switch (Sp in the model) that would interrupt positive feedback in the absence of visual signals.
We suggest that the effectiveness of attention on smooth pursuit may be related to the presence of retinal error signals (see above). In the model, retinal error (velocity or position) generates signals at the input mechanisms designated by s and b. Paying attention in this sort of simple model can be represented by an increase in gain of these input mechanisms (Wyatt & Pola, 1987) . This increase resembles "enhancement" of neural activity occurring in visual cortical and subcortical areas when a monkey views a target that is motivationally significant (reviewed in Fischer & Boch, 1991) . Thus, looking and pushing may be related to enhancement of retinal error signals that, in turn, could have an influence in generating strong smooth movement. However, with no retinal error signals there is no enhancement, as during offset of pursuit in the present experiment. In this case, smooth movement unfolds simply as a result of internal dynamics, i.e., the positive feedback loop and underlying time-constants. An implication of this is that to whatever extent attention has an influence on smooth pursuit, it is through modulation of early visual information processing. Localizing attentional effects to the visual side would leave internal smooth pursuit system dynamics, and hence pursuit offset, relatively immune to the
